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Introduction
Knowledge of the digestive tract microbiome of an organism can provide insight into its physiological functions (Rup, 2012) . The digestive tract is the primary site of microbe-host interactions (Horn et al., 2012; Savage, 1977) . Host diet, as well as the anatomy and physical and chemical conditions of the digestive tract, shape the microbial community structure. Digestive microbial flora play a vital role in food biodegradation, digestion, nutrient absorption, resistance to infectious pathogens, and the health of host aquatic animals (Huang et al., 2010; Iehata et al., 2015) . For instance, gut microbes function in gut epithelial cell proliferation and differentiation, and are known to modulate the innate immune response and nutrient metabolism in zebrafish (Bates et al., 2006; Rawls et al., 2004) . In the Giant African snail Achatina fulica, several strains of cellulase-producing bacteria from symbiotic gut microorganisms contribute to cellulose degradation (Pawar et al., 2015) .
The veined rapa whelk Rapana venosa is native to coastal waters of the Yellow Sea and Bohai Sea in China, Northern Korean peninsula, and Northern Japan (Lanfranconi et al., 2009) , and is a commercially important gastropod that is widely consumed in China. This voracious predatory shellfish was first discovered as an Analysis of microbial abundance and community composition in esophagus and intestinal tract of wild veined rapa whelk (Rapana venosa) by 16S rRNA gene sequencing ecological invader along the coastline of the Black Sea in the 1940s, and has now spread throughout all oceans, exerting pressure on shellfish resources in France, United States, and Argentina, among others (Savini and Occhipinti-Ambrogi, 2006) . Such prevalence seriously disrupts the trophic structure of native habitat, and damages the resources of native bivalves (Giberto et al., 2006; Mann and Harding, 2003; Mann et al., 2006; Wei et al., 1999) . When preying, adult R. venosa wrap around their bivalve prey using their foot and then smother and open the shell, secreting saliva that breaks down the meat into a transparent and gelatinous chymus that is ingested (Liu et al., 2003) . The chymus is then degraded by proteases and lipases produced by Leiblein's gland, as well as by microbes in the esophagus, before it is further degraded in the intestine (Hou et al., 1991) . Chymus has a much longer residence time in the esophagus and intestine compared with other digestive ogans, such as the proboscis, stomach, and rectum, and are the two main places for micro-organisms to ferment and degrade food. Although the residence time of chymus in the esophagus is as long as that in the intestine, the conditions (digestive juices, PH, oxygen content, etc.) are quite different, suggesting that the microbial community compositions and their roles differ between these two tissues.
However, there are no reports on bacterial composition in the digestive system of the veined rapa whelk R. venosa, despite the fact that gut microbial composition has been investigated in a wide range of gastropods, including the abalone Haliotis diversicolor (Huang et al., 2010) , garden snail Helix aspersa (Charrier et al., 2006) , and freshwater snails Biomphalaria pfeifferi, Bulinus africanus, and Helisoma duryi (Horn et al., 2012) . To address this issue, the present study has investigated the microbial abundance and community composition in the esophagus and intestinal tract of R. venosa by 16S rRNA gene sequencing which may provide a solid basis for understanding the function of its digestive microbial flora and a potential basis for the development of strategies to better control the spread of this species.
Materials and Methods
Sample collection and DNA extraction. R. venosa in an active state were collected from Laizhou Bay (37∞03¢5.52≤ N, 119∞41¢4.28≤ E) on June 22, 2015, by scuba diving (depth: 6.9 m, substrate: rock, water temperature: 21.9∞C), and transported to the laboratory in a sterilized box containing ice. The esophagus and intestine of 48 whelks (half male and female, shell length = 8.56 ± 0.74 cm) were aseptically dissected. Their contents were squeezed out and the epitheliums were scraped off. For each 6 individuals (3 male and 3 female), the contents and epitheliums of their esophagi were pooled and named XS1-8, and the contents and epithelium of their intestines were then pooled and named XW1-8. Approximately 25 mg of each sample (XS1-8 for esophageal and XW1-8 for intestinal content/epitheliums) were placed in liquid nitrogen, and thoroughly ground with a mortar and pestle. The DNA was then extracted using a QIAamp DNA mini kit (Qiagen, Hilden, Germany) according to the protocol in the hand-book. The DNA concentration and purity were assessed on 1% agarose gels, and, according to the results, XW6 was found to be unsuitable and was excluded from the analysis. The DNA concentration was adjusted to 1 ng/ml with sterile water and stored at -80∞C until use.
16S rRNA gene amplification and sequencing. DNA amplification and sequencing was carried out by Novogene Bioinformatics Technology Co. (Tianjin, China). Briefly, DNA was amplified using the 515f/806r primer set targeting the V4 region of the bacterial 16S rRNA gene (515f: 5¢-GTGCCAGCMGCCGCGGTAA-3¢ and 806r: 5¢-XXXXXXGGACTACHVGGGTWTCTAAT-3¢, where "XXXXXX" is a barcode unique to each sample with 6bp error correction). The PCR reaction was carried out with Phusion high-fidelity PCR Mastermix (New England Biolabs, Beijing, China) under the following conditions: 94∞C for 2.5 min; 35 cycles of 94∞C for 40 s, 50∞C for 55 s, and 72∞C for 90 s; and 72∞C for 15 min. PCR products were purified with the QIAquick Gel Extraction kit (Qiagen). Sequencing libraries were constructed by using the TruSeq DNA PCR-Free Sample Preparation kit (Illumina, San Diego, CA, USA) according to the manufacturer's instructions, and index codes were added. Library quality was monitored using a Qubit@ 2.0 Fluorometer (Thermo Fisher Scientific, St. Louis, MO, USA) and a Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). Library sequencing was performed on an Illumina HiSeq2500 platform to generate 250-bp paired-end reads.
Data analysis.
Paired-end reads were assigned to samples based on their unique barcode, which was removed along with the primer sequence. Paired-end reads that showed at least some overlap with those generated from the opposite end of the same DNA fragment were merged using FLASH v. 1.2.7 software (overlap > 10 bp, mismatch rate £ 2%) (http://ccb.jhu.edu/software/FLASH/) (Mago and Salzberg, 2011) , yielding spliced sequences (raw tags) that were filtered to obtain high-quality clean tags (Bokulich et al., 2012) according to the QIIME v.1.7.0 (http://qiime.org/index.html) quality control process (q £ 19) (Caporaso et al., 2010) . Effective tags were obtained by comparing high-quality clean tags with the Gold reference database (http://drive5.com/uchime/ uchime_download.html) and removing chimera sequences using the UCHIME algorithm (http:// www.drive5.com/usearch/manual/uchime_algo.html) (Edgar et al., 2011) .
Sequences were analyzed using Uparse v. 7.0.1001 software with default parameters (http://drive5.com/uparse/) (Edgar, 2013) . Briefly, those with a similarity > 97% were assigned to the same operational taxonomic unit (OTU). Representative sequences for each OTU were screened for annotation. Taxonomic information for each sequence was obtained by matching to the GreenGene database (http:// greengenes.lbl.gov/cgi-bin/nph-index.cgi) (Desantis et al., 2006 ) based on the RDP 3 classifier v. 2.2 algorithm with confidence_intervalset to 0.8-1 and all other parameters were set to default (http://sourceforge.net/projects/rdpclassifier/) (Wang et al., 2007) . Multiple sequence alignment was carried out in order to investigate phylogenetic relationships of different OTUs and identify the dominant species in different samples/groups using MUSCLE v. 3.8.31 software with default parameters (http:// www.drive5.com/muscle/) (Edgar, 2004) . OTU abundance information was normalized using a standard sequence number corresponding to the sample with the fewest sequences. Beta diversity was analyzed using the normalized data to determine differences among groups in terms of species complexity. Unweighted unifrac was calculated with QIIME v. 1.7.0 software to obtain a distance matrix, which was then transformed into a new set of orthogonal axes from which the maximum variation factor was determined based on the first principal coordinate, and the second maximum factor by the second principal coordinate, and so on. An unweighted pair-group method with arithmetic means (UPGMA) clustering was used to interpret the distance matrix using average linkages with QIIME software.
The significance of beta diversity differences between samples/groups was calculated with a two-sided Student's t-test. Bacterial taxa differentially represented between groups at species or higher taxonomic levels (depending on taxa annotation) were identified by performing linear discriminant analysis (LDA) coupled with effect size (LEfSe) (Segata et al., 2011) . The function of microbial flora was predicted using PICRUSt (Langille et al., 2013) .
Results

General characteristics of metadata and sequencing
Paired-end raw reads (250 bp) of 16 samples were generated on an Illumina HiSeq platform. Raw tags of XW6 was 15,466, which is insufficient in comparison with that of other samples (35,221 to 58,869) . Hence, XW6 was excluded from the downstream analysis (Table S1) XS(n) and XW(n) represent contents from esophagus and intestine, respectively. "Others" indicates the total relative abundance of the remaining genera besides those in the top 10.
pretreated to obtain clean tags, whose chimeric sequences were removed to obtain effective tags (Table S1 ). However, effective tags of 15 samples ranged from 28,438 to 44,087 with an average length 416 nt to 424 nt. These effective tags of 15 samples hold 52.16% to 63.69% proportion to raw data.
OTU analysis and species annotation
To assess species diversity within samples, effective tags were clustered at 97% similarity by default. The different taxonomic levels (Phylum, Class, Order, Family, and genera) with the top 10 most abundant were displayed in distribution histograms based on a maximum sorting method (e.g., calculate the maximum of each Phylum in all samples, select the top 10 Phyla for the figure) . The top 10 most abundant genera (on average) are shown in Fig. 1 , while other different taxonomic levels (Phylum, Class, Order, and Family) with the top 10 most abundant shown in Fig. S1 . Overall, Mycoplasma was the predominant genus, followed by Propionigenium, Sphingomonas, Shewanella, Lactobacillus, Psychrilyobacter, Bifidobacterium, Vibrio, Escherichia, and Octadecabacter, in that order. Table 1 shows the top 10 most abundant microorgan- Three graphs were integrated inside-out: the first layer is the phylogenetic tree based on representative OTU sequences, with each color corresponding to a genus; the second layer is the relative abundance of OTUs, with the size of the column representing relative abundance; and the third layer is the confidence information of species annotation, with each cell representing an OTU within the genus. isms in the esophagus and intestine at the genus level. Mycoplasma spp. were the most abundant in both the esophagus and the intestine, however its proportion is quite different. In the esophagus it accounted for 7.72% of mi- To clarify the phylogenetic relationships between different OTUs and the differences among the dominant species, we carried out multiple sequence alignment of 16S rRNA for the top 10 genera (with the most average abundance) and combined this information with the relative abundance of OTUs (Fig. 2) . Lactobacillus showed the greatest OTU diversity, followed by Vibrio, Bifidobacterium, Shewanella, Octadecabacter, Mycoplasma, Sphingomonas, Propionigenium, Escherichia, and Psychrilyobacter. An OTU in Mycoplasma had the highest abundance.
Differences in bacterial community composition between the esophagus and the intestine
We normalized the OTU table and analyzed both the shared and unique information on the microbial community composition in the esophagus and intestinal tract. There were 1175 and 526 unique OTUs in the esophagus and intestine, respectively (Fig. 3) , indicating that the former harbors a greater higher diversity of microbial flora. In addition, we found 616 OTUs that were common to both tissues.
As a type of hierarchical clustering method based on average linkages, UPGMA is widely used in ecology to classify samples based on their pairwise similarities in relevant descriptor variables. We found that esophagus and small intestine samples clustered into distinct branches (Fig. 4) , indicating that the microbial communities in these two tissues were distinguishable. The microbial composi-tion of the intestine is more divergent than that of the esophagus. Almost 75% of the microbial communities of these two organs were members of the Proteobacteria, Firmicutes, and Bacteroidetes phyla.
We performed a beta diversity analysis to evaluate the differences in the bacterial communities of the esophagus and intestine in greater detail, and found that the two communities differed significantly (p < 0.05, t test, two tailed, df = 13) ( Fig. 5) . To identify microorganisms that were differentially represented in the two tissues, we performed LEfSe on taxa with an LDA score > 4 in order to eliminate the most rare taxa, while retaining as many as possible for meaningful comparisons. There were only three taxa that were more abundant in the intestine: the families Fusobacteriaceae and Tissierellaceae and the genus Peptoniphilu (p < 0.05). In contrast, 28 taxa were highly represented in the esophagus, including Lactobacillus salivarius, Enterococcus sp., Lachnospiraceae sp., and Bifidobacterium sp. (p < 0.05) (Fig. 6) .
A PICRUSt analysis was performed to compare the metabolic potential of microbial flora in the esophagus vs. those in the intestine. A total of 16 pathways (e.g., "Arginine and proline metabolism" and "Cysteine and methionine metabolism") were more abundant in the former, whereas 19 were more abundant in the latter tissue (P < 0.01). Interestingly, proteolysis-related pathways ("Peptidases" and "Valine, leucine, and isoleucine degradation") were enriched in the intestine relative to the esophagus (Fig. 7) , indicating that the microflora in the intestine help the host in proteolysis.
Discussion
This is the first study characterizing the microbial communities in the esophagus and intestinal tract in the veined rapa whelk R. venosa using sequence-based methods. The top 5 dominant microbial species in seawater are Candidatus portiera (7.49%), Sediminicola (4.72%), Arcobacter (4.31%), Nitrosopumilus (3.69%), and Octadecabacter (2.57%), according to a previous finding (Fu et al., 2017) , which is entirely different compared with the top 5 dominant species in the digestive tract of R. venosa (Table 1) . This indicates that the microbial flora identified in the present study are specific habitants rather than non-indigenous bacteria. Our results also demonstrate that Mycoplasma sp. was the predominant bacteria in the digestive tract. This result is consistent with studies on the wild Chilean octopus Octopus mimus (Iehata et al., 2015) , the deep-sea bone-eating snail Rubyspira osteovora (Aronson et al., 2016) , the sea slug Elysia rufescens (Davis et al., 2013) , and the giant African snail A. fulica (Pawar et al., 2012) . The predominance of Mycoplasma sp. OTUs at 7.72% and 38.12% of the total sequences recovered from the esophagus and intestine implies an important relationship between R. venosa and Mycoplasma sp. that warrants greater in-depth study. Mycoplasma (phylum Tenericutes, XS(n) and XW(n) represent contents from the esophagus and intestine, respectively. Gene copy numbers of samples within the same sample group were pooled. Values for each functional gene (row) were log2 transformed. The third level of Kyoto Encyclopedia of Genes and Genomes pathways is shown in the heat map. Differences in gene distribution between groups were evaluated with a bootstrap Mann-Whitney U test with cutoffs of P < 0.01, false discovery rate < 0.1, and mean counts > 10.
Fusobacteriales) consists of microaerophilic or obligate anaerobic Gram-negative rod-type bacteria that are nonmotile and can ferment carbohydrates and peptides into organic acids, such as formic, acetic, propionic, butyric, and succinic acids (Olsen, 2014) . Intestinal mucosae of animals, including mammals, are the main habitat of these microbes (Olsen, 2014) . We speculate that members of Fusobacteriaceae in the intestine promote chyme fermentation and allow nutrient absorption. Among the 28 taxa that were abundant in the esophagus, Bifidobacterium spp. are ubiquitous in the digestive tract of both humans and other animals. This genus has a unique fructose-6-phosphate phosphoketolase pathway for carbohydrate fermentation that is not present in animals but can aid food utilization in the host (Killer et al., 2010; Vlková et al., 2012) . These microbes also synthesize a variety of vitamins that are available to the host (Deguchi et al., 2014) We therefore speculate that Bifidobacterium spp. play an important role in carbohydrate degradation and vitamin production in R. venosa. Other probiotic bacteria such as L. salivarius were also highly represented in the esophagus. Lactobacilli, which are commonly present in the mouth, produce antimicrobial substances, such as hydrogen peroxide, organic acids, bacteriocins, adhesion inhibitors, and class Mollicutes) is parasitic and is considered a typical obligate vertebrate pathogen (Razin et al., 1999) . In general, members of this genus exhibit strict host and tissue specificity. There is accumulating evidence that Mycoplasma is highly abundant in algae (Hollants et al., 2013) and in invertebrates such as the sap-sucking sea slug E. rufescens (90% of total recovered sequences) (Davis et al., 2013) , and the abalone Haliotis diversicolor and the oyster Crassostrea virginica (>80% of total sequences) (Huang et al., 2010; King et al., 2012) . The function of Mycoplasma in these molluscs is unclear, although these microbes are thought to aid digestion in the host (Fraune and Zimmer, 2008; Duperron et al., 2013) .
Although some microbes such as Mycoplasma sp., Shewanella sp., Sphingomonas sp., Vibrio sp., and Octadecabacter sp. were enriched in both the esophagus and intestinal tract, the bacterial community composition differed markedly in these two tissues, which is in accordance with our assumption that each element of the digestive system is highly specialized and has a unique microenvironment. Members of the bacterial families Fusobacteriaceae and Tissierellaceae and the genus Peptoniphilus were highly represented in the intestine (Fig.  6 ). Fusobacteriaceae (class Fusobacteria, order low-molecular weight antimicrobial molecules (Silva et al., 1987) , and are therefore widely used in dairy product manufacturing. L. salivarius is also considered as a candidate therapeutic for treating allergies (Forsythe et al., 2007) and digestive tract infection (Corr et al., 2007) and other gastrointestinal disorders (Dunne et al., 2001) . The widely studied genera Lactobacillus and Bifidobacterium-whose presence in the esophagus of R. venosa is reported here for the first time-are also common in the gut of other gastropods such as A. fulica (Pawar et al., 2012) , although additional studies are need to clarify their interactions with the host.
A previous study (Toptikov et al., 2016) showed the gland of Leiblein and the hepatopancreas were the two most important digestive organs in hydrolytic enzymes expressivity of R.venosa: the former contributes 20% acidic proteinases, 24% alkaline proteinases, 68% amylases (pH 5.4), 98% amylases (pH 7.4), 48% esterases (pH 7.0), 48% esterases (pH 4.6), 48% lipases, 54% acidic phosphatases, and 59% alkaline phosphatases in the general hydrolytic activity of the Rapana digestive system; while the latter contributes 36% acidic proteinases, 33% alkaline proteinases, 32% amylases (pH 5.4), 2% amylases (pH 7.4), 49% esterases (pH 7.0), 51% esterases (pH 4.6), 50% lipases, 41% acidic phosphatases, and 41% alkaline phosphatases in the general hydrolytic activity. Hydrolytic enzymes from the Leiblein gland are secreted into the esophagus, while those from the hepatopancreas are secreted into the intestine. This prompts an investigation into the microbial abundance and community composition of these two digestive tracts. In this study, we find Lactobacillus is highly presented (3.06%) in the esophagus compared with the intestine (Table 1) . Lactobacilli also showed the greatest OTU diversity (Fig. 2) . The high abundance and diversity of this genus in the esophagus is consistent with the phenomena that the esophagus has more active amylases from the Leiblein gland than the intestine, because fermenting glucose into lactic acid by Lactobacilli is the downstream reaction of amylohydrolysis. To further understand the potential metabolic roles of microbial flora in the esophagus and intestine, we performed a PICRUSt analysis. It is revealed that 19 metabolic pathways were enriched in the intestine, including those related to peptidase activity and valine, leucine, and isoleucine degradation. This suggests that intestinal bacteria in R. venosa have specific functions in protein and amino acid hydrolysis, as compared with microbes in the esophagus. That corresponds to a previous finding (Toptikov et al., 2016) that the intestine has more active proteinases from the hepatopancreas. The analysis also identified pathways that were differentially enriched between bacterial communities in the esophagus and the intestine, although the significance of this finding remains unclear. It should be noted that the accuracy of the PICRUSt analysis depends on the availability of reference bacterial genomes (Zeng et al., 2015) . Although PICRUSt predictions based on metagenome data in humans show consistency across all body tissues, the applicability of PICRUSt to prediction in whelks requires verification. Furthermore, the functions of a significant portion of OTUs were not imput due to poor annotation in the Kyoto Ency-clopedia of Genes and Genomes database. Despite the potential bias introduced by these factors, PICRUSt provided a useful insight into bacterial functions in the whelk digestive tract. Other -omics approaches would be useful to validate these findings.
Although the scale of this study was considerable, it included only a partial survey of wild veined rapa whelk (from Laizhou Bay during the month of June). Since season, habitat, diet, and developmental stage can all influence bacterial community composition, additional investigations in different populations and under various conditions are needed for a more detailed understanding of how microbes contribute to digestion in R. venosa. These data will further facilitate the management of the Rapana resource, and the development of aquaculture methods to promote sustainable production of fishery product.
